INTRODUCTION
New air pollution particulate standards designed to clear smog and soot from the atmosphere were approved by Congress and released by the U.S. Environmental Protection Agency (USEPA) in 1998. The new standards include regulation of airborne particulate matter smaller than 2.5 microns (PM2.5). Prior standards had regulated particulate matter less than 10 microns (PM10).
USEPA and others have made an intense effort to gather more scientific data about PM2.5 since this legislation was passed. The National Air Monitoring System has been collecting 24-hour PM2.5 particulate samples for gravimetric analysis since January 1999. In late 1999, new monitors became available to collect PM2.5 samples for chemical speciation. Many studies of the health effects and toxicity of PM2.5 are underway.
Particulate matter less than 2.5 microns are emitted from all combustion sources. Jet engine aircraft emit submicron particulates in their exhaust as a byproduct of the combustion process. The following analysis is a first attempt to physically and chemically characterize particulate emissions from jet engine aircraft burning JP8 or JP5 fuel. In the past, military aircraft were fueled with JP4, a napthalene-based fuel. The JP4 fuel has been replaced with kerosene-based fuels. The JP8 fuel has the same basic formula as commercial aviation fuel Jet A1, with additives for anti-corrosivity, anti-icing, and anti-static. Shipboard detachments, or locations with an increased fire hazard, use JP5 fuel because it has a higher flashpoint.
In this study, particulate emissions from four aircraft engines are characterized. The F118 and F404 engines were tested at Edwards Air Force Base in November and December 1997. Four F118 engines power the B-2 bomber, and two F404 engines power the F-117A fighter and F/A-18 fighter/attack aircraft. The T64 engine was tested at Cherry Point Naval Aviation Depot (NADEP) in January 1998. The T58 engine was tested at Cherry Point NADEP in November 1999. The T58 and T64 engines power the CH46 and CH53 helicopters. The T58 and T64 engines are an older engine design; filterable particulate emissions were much greater than from the newer F118 and F404 engines. This work was funded by the U.S. Navy Aircraft Environmental Support Office (AESO). Analysis results will be used to refine future sampling and analysis efforts. The jet engine exhaust particulate samples on glass fiber filters analyzed in this report were collected as part of a larger testing effort by the Air Force and Navy to develop emission standards for military aircraft under differing load conditions.
MATERIALS AND METHODS

SAMPLE COLLECTION
Samples analyzed in this report are from the F404, F118, T58, and T64 engines. All sample filters analyzed for this report from the F404, F118, and T64 engines collected 60 minutes of emission particulates. Collection periods varied during testing of the T58 engine. Particulate filters used during this testing were Whatman ™ 47-or 90-mm glass fiber filters, P/N 934-AH. Environmental Quality Management, Inc. (EQM), Cincinnati, Ohio, and Roy F. Weston, West Chester, PA, performed sampling of the F118, F404, and T64 engines. Pacific Environmental Services Inc., Baldwin Park, CA, performed the T58 sampling.
All filter collections were part of a larger effort for source particulate sampling. Source sampling was performed according to EPA Method 5-Determination of Particulate Emissions from Stationary Sources.
LABORATORY ANALYSES
Particulate filters for the F118, F404, and T64 engines were 90-mm-diameter glass fiber filters. Filters were cut with a razor blade into three sections for different analyses. Approximately 75% of the filter was reserved for PAH analysis. Portions of the remaining 25% were used for Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray (EDX) analysis.
Filters for the T58 engines were 47-mm-diameter glass fiber filters. Some experimentation was done with Teflon ® filters for the T58 sampling. This type of filter provides superior results for metals analysis.
Figures 1 through 4 are photographs of the sampled filters.
Scanning Electron Microscope
A 1-cm (approximate) square was sliced from the glass fiber filters with a razor blade. The particulate layer was not homogeneous on the F118 and F404 filters due to the perforated filter backer support (see Figures 1 and 2 ) used during sample collection. The 1-cm-square areas selected for SEM analysis were taken from the outer edge of the sample, where the particulate layer was densest. Samples were prepped by tacking the 1-cm square to an aluminum stub and then gold -sputter-coating the sample with a Technics Hummer ™ Sputter Coater. The gold plasma was applied with a current of 6 mA for 6 minutes in 100-mtorr pressure. This application resulted in a standard coating of approximately 30 nm. After coating, a colloidal graphite bridge (ground) was applied between the stub and the sample. 
A Cambridge Instruments Model Stereoscan
® 360 Scanning Electron Microscope at the Scripps Institution of Oceanography Research Facility was used to analyze and photograph the samples. Working distance from the electron emitter to the sample was 8 mm, the shortest distance that could be achieved with this SEM and these samples. The SEM focused on most particles at magnifications up to 45,000 times at this working distance. The Extra High Tension (EHT is a British term for voltage) was 20.0 kilovolts. The SEM photographs are not representative of the actual color of the samples.
Electron Dispersive X-Ray Metals Analysis
In conjunction with the SEM, a LINK QX2000 Energy Dispersive Spectrometry System XRay was used. The low end element is sodium for this machine. The 1-cm-square (approximate) samples were glued onto graphite stubs, and were not sputter-coated. A colloidal graphite bridge (ground) was applied between the stub and the sample.
Conglomerate particles, or particles larger than the 22-to 120-nm average ranges, were located with the SEM. The x-ray beam was directed at these particles, and the resultant metal spectrum was recorded. Working distance was 19 to 21 mm for these samples.
The height of the detection peaks in the spectra graphs is not a measure of metal concentration. This x-ray method can quantify metals in these particles only when microscopic slices of materials are prepared to remove edge effects and present material thin enough for the x-ray to penetrate.
Polycyclic Aromatic Hydrocarbons
A. D. Little (ADL) of Cambridge, MA, completed the PAH analysis. The following method description is summarized from their report 1 .
Samples were extracted within 7 days from receipt as per ADL standard operating procedures (SOPs) and quality control (QC) standards. Samples were prepared along with a laboratory procedural blank and two laboratory control samples (blank spikes) following ADL SOPs 2017.00, 1016.00, and 5802.00 for the extraction of organic contaminants in solids using sonication and shaker table techniques. The field and QC samples were spiked with appropriate spiking solutions sonicated three times for 2 minutes each with 60 ml of dichloromethane (DCM) and sodium sulfate followed by 1 hour on a shaker table. The resulting extracts were decanted over sodium sulfate and reduced to less than 1 mL before extract cleanup using alumina column chromatography and HPLC-GPC fractionation to target the PAH analytes. Final extracts were spiked with recovery standards and brought to a final volume of 0.5 mL before submitting for analysis. All samples have a split of 2 and a particle image velocity (PIV) of 1 mL. No further dilutions were performed.
A laboratory procedural blank was analyzed and cleaned within laboratory data quality objectives (DQOs). A laboratory control spike and control spike duplicate were analyzed with all results meeting the DQOs. All QC and field samples were spiked with surrogate standards to monitor extraction efficiency.
All QC and field sample surrogate recovery results were within DQOs, except samples T64 Approach (98D2765) and T64 military (98D2766). The d12-benzo[a]pyrene surrogate was not recovered for these two samples. Sample T64 Military also had recovery below acceptance criteria for d10-phenanthrene. Since no corresponding target analytes were present in these samples, and since the overall QC data were excellent, and the entire sample was consumed in the analysis, no corrective actions were taken. ADL has previously experienced poor recovery of d12-benzo[a]pyrene in low-level analyses and suspects that the analyte, and corresponding target analyte benzo[a]pyrene, may be affected, somewhat inconsistently, by active sites on the glass fibers. 
RESULTS AND DISCUSSION
SCANNING ELECTRON MICROSCOPE ANALYSIS
The T64 helicopter engine was tested at ground idle, 75% of normal, normal, and military. To make comparisons with the F118 and F404 aircraft, 75% normal was equated to approach, and normal was considered intermediate. The T58 engine was tested at 65, 80, 90, and 100% ratings. These were equated to idle, approach, intermediate, and miltary. Only the F404 engine was tested in afterburner mode. Table 2 summarizes the observed particles and size ranges of discrete (not conglomerate) particles. The T64 filters were so laden with sample, it was difficult to discern individual particles. Future particulate testing should allow shorter run times for this engine. All T64 samples had a sooty, black, cake-like layer of particulates (Figures 3 and 9) . Differences in particle density between the engine modes could not be determined due to the thick layers of particles. There were aggregate 1-to 20-? m-diameter "clumps" of particles on the surface of the particle layer. It is not known whether these "clumps" were emitted from the engine, or whether the particles tended to attract each other on the filter. The T64 and T58 engines had many times the filterable particulate emissions of the newer F118 and F404 engines. T58 filters were sampled for varying times (Figure 10 ) to allow for better viewing with the SEM. The number of discrete particles emitted, and the number and size of the agglomerate particles increased as the engine speed increased. More particles emitted by the engine results in more and larger agglomerate particles due to the higher probability of small particles hitting each other and sticking together. These increases correlate well with the fuel usage amounts in Table  3 . 
IDLE (65%)
,
METALS ANALYSIS: EDX
Particles much larger than the discrete 22-to 120-nm sizes were located on the filters. Some of the particles were aggregates-amorphous clumps or chains made of smaller particles. Other large particles appeared solid and made up of differing materials. These larger particles were located by scanning the filter samples with the SEM, and then when 'aiming' at the particle, using the EDX to detect the metals spectrum for that particle. This method is not a practical one for determining total metal content for the sample, but does give insight into the chemical makeup of some of the particles present.
Silicon alone was detected when blank filters and filters with 'typical' particles of 22 to 120 nm (or aggregates of these discrete particles) were x-rayed. These filters were x-rayed from varying distances and the result was always a single silicon peak. Typical particles are most probably all carbon. Carbon is below the low end element (sodium) on the periodic table, and so is not detected.
There were many different resultant spectra from the x-ray of the larger particles. Larger particles ranged from 1 to 40 microns. Some had discrete planar edges and others were amorphous ( Figure 11 ). Some had discrete planar edges and others were amorphous ( Figure  11 ). Solid, large particle spectra appeared primarily fuel-based (sulfur) and/or metallic (iron, chromium, nickel). The largest particle (Figure 12 ) located was on the F404 afterburner mode filter. This conglomerate particle was approximately 40 microns in length, and was composed of aluminum, sulfur, chlorine, potassium, calcium, barium, titanium, chromium, iron, and zinc in addition to the silicon background. This conglomerate is probably composed of engine material or a coating on the blades that breaks free when the engine is run at the high afterburner temperatures and rpms. 
PAH ANALYSIS
A. D. Little performed the PAH analysis 4 . Tables 4 through 6 present measured PAHs for the three different engines. Results found below the minimum reporting limit are qualified as estimated (J). Results found in samples corresponding to a result found in the laboratory procedural blank are qualified with a (B) when the result in the sample is less than five times the result found in the procedural blank. Note that the results found in the blank are well below the minimum reporting limit. Results not detected are qualified as (ND).
Except for three values measured in the idle mode, the detected PAHs for the F118 and F404 were below MDLs. Measurements of this low magnitude may confirm the presence of the compounds, but are not reliable for quantitative purposes. A c e n a p t h t h y le n e . . .
A c e n a p h t h e n e 1 5 4 B ip h e n y l 1 5 4 F l u o r e n e 1 6 6 A n t h r a c e n e 1 7 8 P h e n a n t h r e n e 1 7 8 D i b e n z o t h i o p h e n . . . F lu o r a n t h e n e 2 0 2 P y r e n e 2 0 2 B e n z o [ a ] a n t h r a c e . . N a p t h a le n e 1 2 8
A c e n a p t h t h y l e n e 1 5 2 A c e n a p h t h e n e 1 5 4 B ip h e n y l 1 5 4 F l u o r e n e 1 6 6 A n t h r a c e n e 1 7 8 P h e n a n t h r e n e 1 7 8 D ib e n z o t h io p h e n e 1 8 4 F lu o r a n t h e n e 2 0 2 P y r e n e 2 0 2 B e n z o [ a ] a n t h r a c e n . . . C h r y s e n e 2 2 8 B e n z o [ b ] f l u o r a n t h e . . B e n z o [ k ] f lu o r a n t h e . 
CONCLUSIONS and RECOMMENDATIONS
Jet engine exhaust particulates from a JP8 or JP5 fueled engine range were measured from 22 to 120 nanometers. Larger, sparsely located particles existed in the 1-to 40-micron range in the intermediate, military, and afterburner modes. It is theorized that these larger particles form a buildup on the engine and are dislodged at higher engine rpms and temperatures. Particulates from the T64 and T58 helicopter engines were much denser than those from the F118 and F404 engines. The helicopter engines are a 1970s design; the F404 and F118 engines were designed in the 1980s and incorporated changes to lessen visible exhaust emissions. The 1-hour sample time used for the T64 filters was designed for gravimetric analysis, which resulted in a thick layer of particulate on the filter. This layer was too thick to discern individual particles. Time must be decreased and varied according to engine speed when sampling older engines. This method was used with the T58 engine, and it enabled SEM analysis of individual particles.
Submicron particle sizing and counting requires sophisticated instrumentation. These instruments have concise size and concentration ranges where they can measure accurately. Larger particles are detected with different test apparatus than submicron particles. Real-time particulate sizing and counting will require splitting an exhaust stream and sampling one portion of it for submicron particles and the other for larger particles. The splitting of the size ranges will also enable better correlation of particulate analysis results (metals, PAHs, and carbon fraction) to submicron versus larger particles.
Metals analysis was qualitative only. EDX testing indicated that a significant number of metals were present in the larger nonhomogeneous particles. In the future, use of an impactor with a 1-micron cutpoint would allow for better characterization of the submicron particles. The impactor would also enable separate gravimetric and metals analysis of the particles greater than 1 micron.
Except for three compounds measured in the idle mode, all of the detected PAHs for the F118 and F404 were below MDLs. Measurements of this low magnitude may confirm the presence of the compounds, but are not reliable for quantitative purposes.
Idle mode particulate samples contained many more PAH compounds than any of the other engine modes. Generally, these were the heavier molecular weight compounds. Any measure to lessen the amount of time an aircraft spends idling would lessen particulate and PAH emissions. Many airports are currently reviewing Best Management Practices (BMPs) to minimize environmental contaminants and are including practices to lessen aircraft idle time.
Filters from the F118 and F404 engines had very low loading that may have been caused by sampling at the edge of the stack matrix. Samples collected from a different stack location or for a longer sampling period may provide more information about the PAHs and the metals present.
